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ABSTRACT
Recently, a fast radio burst (FRB)-like event is found to be associated with a Galactic magnetar, SGR
1935+2154, accompanied by an X-ray burst. We find this radio burst challenges the typical emission
mechanisms involving magnetars, which includes coherent curvature radiation from charged bunches,
fast magnetosonic (FMS) wave, synchrotron maser from shocks, and the pulsar-like mechanism for
low-twist magnetars. More specifically, we find that (1) the X-rays are most-likely to be produced
inside the magnetosphere. (2) For the coherent curvature radiation from the decay of Alfve´n wave, it
will generally predict a duration (. 0.1 ms) smaller than observations, because of the strong twists of
magnetic field lines and the internal damping of Alfve´n waves. (3) The FMS wave model predicts a
very low emission frequency νp ∼ 0.03 MHz ≪ GHz, unless it is produced inside the magnetosphere.
But the absorption effect of the magnetospheric FMS wave model remains to be studied. (4) The
synchrotron maser model is challenged, because observations show that the peaks in both X-ray and
radio light curves are with the same temporal separation ∆tFRB = ∆tγ ≈ 0.03 s, while it would predict
∆tFRB ≪ ∆tγ . (5) It seems to be difficult to directly apply the low-twist pulsar-like mechanism to
flaring magnetars, as magnetar activity can significantly deform the magnetosphere. (6) We discussed
four possibilities to study radio burst properties for future observations, especially the possibility of
high-frequency (0.5− 2 ms) quasi-periodic oscillations in double/multiple-peaked FRBs.
1. INTRODUCTION
Fast radio bursts (FRBs) are powerful radio bursts with millisecond durations. To date, more than one hundred
bursts have been detected, and twenty one of them produce repeating bursts (based on the catalog of Petroff et al. 2016,
accessed in May). Many models have been proposed to explain the high brightness temperate of FRBs, which usually
involve magnetized compact stars as progenitors, especially neutron stars (NS) (see Platts et al. 2018, for a rencent
review). In particular, it is widely suggested that young flaring magnetars (Popov & Postnov (2013); Lyubarsky (2014);
Waxman (2017); Beloborodov (2017); Lu & Kumar (2018); Yang & Zhang (2018); Margalit & Metzger (2018); Katz
(2018); Beloborodov (2019); Metzger et al. (2019); Wang et al. (2020); Margalit et al. (2020); Wang & Lai (2020);
Kumar & Bosˇnjak (2020), see also Margalit et al. 2020; Lyutikov & Popov 2020; Lu et al. 2020; Yu et al. 2020; Katz
2020; Yang et al. 2020; Yuan et al. 2020, for models associated with soft gamma-ray repeaters), and old NSs under
interaction with their companion (Wang et al. (2016, 2018); Dai et al. (2016); Zhang (2016, 2020), see also Dai 2020;
Geng et al. 2020, for models associated with soft gamma-ray repeaters) can be FRB progenitors.
Very recently, CHIME detected a bright radio burst from the direction of a Galactic magnetar, SGR 1935+2154
(The CHIME/FRB Collaboration et al. 2020) at 400−800 MHz band with a dispersion measure DM = 332.7 pc cm−3.
This powerful burst is also detected by STARE2 in 1281−1468MHz band with a fluence of 1.5 MJy ms (Bochenek et al.
2020), which is comparable to the energy of FRBs, taking a distance of 9.1 kpc (Pavlovic´ et al. 2013). Simultaneously,
the hard X-ray counterpart of this burst is reported by many high-energy observatories, for example, INTEGRAL
(Mereghetti et al. 2020), Konus-Wind (Ridnaia et al. 2020), AGILE (Tavani et al. 2020) and Insight-HXMT (Li et al.
2020). Subsequently, FAST detected anther radio pulse from this magnetar with the same DM but a fluence of 60 mJy
ms (Zhang et al. 2020). Although its fluence is much weaker than the previous one, it confirms that this magnetar is
indeed in a radio active phase. This also supports the magnetar scenario for FRBs.
In this paper, I propose to study the FRB mechanisms from the recent joint detection of the magnetar burst from
SGR 1935+2154 by radio and X-ray observatories, and discuss the implication from the magnetar association. In the
next section, we briefly review the observation for this event and discuss the X-ray burst models. In Section 3, we
study the typical FRB mechanisms invoking magnetars, including coherent curvature radiation from charged bunches,
fast magnetosonic (FMS) wave model, synchrotron maser from shocks, and the pulsar-like mechanism for low twist
2magnetars, and compare them with multi-band observations. The predicted radio emission site by these models varies
from locations close to the magnetar surface to well outside the magnetosphere. We discuss the possible ways to study
the general properties of radio bursts for future observations in Section 4. The summary is in Section 5.
2. OBSERVATIONS AND X-RAY EMISSION MODELS
SGR 1935+2154 is a magnetar with a spin period P = 3.245 s (Israel et al. 2016), corresponding to a light cylinder
radius RL = cP/2pi = 1.55× 10
10 cm. Its inferred surface field and spin-down luminosity are Bs = 2.2 × 10
14 G and
1.7 × 1034 erg/s, respectively (Olausen & Kaspi 2014). The location of this magnetar by the Swift/X-ray Telescope
(Cummmings et al. 2014) is found to be very close to the supernova remnant G57.2+0.8 (Gaensler 2014). The latter is
found to be at a distance 6.6 kpc (Zhou et al. 2020). Throughout the paper, we will adopt these observational values
into our calculations. Note although there are some other studies suggesting different source distances, e.g. 9.1 kpc in
Pavlovic´ et al. (2013) and 12.5 kpc in Kothes et al. (2018), it does not affect our main results.
2.1. Multi-band observations
For this burst detected in both X-ray and radio band, the fluence and peak flux in the 20− 500 keV energy band are
found to be (9.7± 1.1)× 10−7 erg cm−2 and (7.5± 1.0)× 10−6 erg cm−2 s−1, respectively (Ridnaia et al. 2020). This
provides the burst energy and luminosity to be Eγ = (5.1± 0.6)× 10
39 erg and Lγ = (3.9± 1.0)× 10
40 erg s−1. While
the isotropic-equivalent radio luminosity is found to be ∼ 1038 erg/s (Bochenek et al. 2020), accounting for ∼ 5× 10−3
of the hard X-ray burst peak luminosity. Both luminosities are much higher than the spin-down luminosity.
The X-ray light curve of this event shows clearly two significant pulses with a total duration of τγ ∼ 0.5 s, and
the separation between peaks is ∆tγ ≈ 30 ms (Ridnaia et al. 2020; Li et al. 2020). Interestingly, the radio light curve
from CHIME also shows two peaks, separated by ∆tFRB = 29 ms, and each has an observed duration τFRB,obs ∼ 0.5
ms (The CHIME/FRB Collaboration et al. 2020). Further information from Mereghetti et al. (2020) shows that there
is another peak in X-rays following the two radio-associated peaks, and separated by ∼ 30 ms. Actually, such an
additional peak can also be found in the HXMT data (e.g. see Figure 2b in Li et al. 2020).
We noticed that waiting times in both the X-ray and radio light curves are consistent with each other, i.e., ∆tγ ≈
∆tFRB. This indicates that the 0.03 s interval is intrinsically associated with the magnetar activity. Recall that
observations show there are quasi-periodic oscillations (QPOs) at ∼ 30 Hz in the giant flare tails of SGR 1806−20
(Israel et al. 2005) and SGR 1900+14 (Strohmayer & Watts 2005). One might also consider that this 30 ms interval in
both X-ray and radio light curves corresponds to QPOs. Indeed, weak evidence of such QPOs is found in the HXMT
data (Ge et al. 2020 in preparation). QPOs are explained as the internal oscillation modes of the magnetar, such as
the crustal toroidal mode (e.g. Duncan 1998; Piro 2005), or the magnetoelastic modes due to the crust-core coupling
(e.g. van Hoven & Levin 2011, 2012; Gabler et al. 2014).
2.2. Constraints on X-ray emission sites
Bursts from magnetars are believed to be caused by the magnetic activities, which may be initially trigger by the
instabilities inside the magnetar or in the magnetosphere (see Kaspi & Beloborodov 2017, for a recent review). But
it must be close to magnetar surface, as the available magnetic flux is Lm = B
2(R)R2c/2 ∝ R−4, where we scale the
twisted magnetic field as the local dipole field B(R) = BsR
3
NSR
−3 with RNS being the NS radius. The maximum
radius can be obtained by solving Lm(Rmax) ≈ Lγ , which results in
Rmax ≈ 2.9× 10
8L
−1/4
γ,41 R
3/2
NS cm, (1)
where Lγ = Lγ,4110
41 erg/s, and RNS = 10
6RNS,6 cm. The release of magnetic energy leads to the formation of hot
photon-pair plasma (a ‘fireball’) (Thompson & Duncan 1995), and it becomes optically thin for Thomson scattering
at a radius of (Me´sza´ros & Rees 2000),
Rγ,ph = 8.9× 10
6L
1/4
γ,41R
3/4
0,6 Y2
1/4 cm, (2)
where R0,6 is the initial size of the fireball. Y2 = Y/10
2 ∼ 1−10 is the multiplicity (Beloborodov 2013). The magnetic
field at the photospheric radius is 3× 1011 G, indicating it is also optically thin for resonant scattering (the resonant
scattering is optically thick for & 1012 G, see more details in Beloborodov 2013). Thus, for this observed event, the
3X-rays should be emitted between Rγ,ph and Rmax. Indeed, observations usually indicate the radiating hotspot is very
compact with a size around rγ,6 = rγ/(10
6 cm), and the resultant luminosity is
Lγ ≈ pir
2
γσT
4 = 1.8× 1040r2γ,6T
4
8 , (3)
where T8 = T/(10
8 K) corresponds to 8.6 keV. Note sometimes the high-energy spectrum is different from a pure
blackbody (BB) spectrum, but may be described as two BBs or Comptonization models (exponential-cutoff power-
laws; e.g. Lin et al. 2011; van der Horst et al. 2012; Kaspi & Beloborodov 2017). This is also consistent with the
observation for this event by Konus-Wind (Ridnaia et al. 2020).
In the following calculations, we mainly adopt that the X-rays are generated inside the magnetosphere, as Rmax < RL.
The dynamical time of the radiation region is much shorter than the observed duration, Rmax/c ≈ 0.01 s ≪ τγ ∼ 0.5
s, which indicates that the burst duration is determined by the magnetic activity timescale. Note this magnetospheric
origins would also be supported by the possible QPOs. As the oscillating crust will lead to only relatively weakly
periodic distortions of its attached magnetosphere (e.g. Gabler et al. 2014), the existence of QPOs in light curves of
giant flare tails then favours that its emission zone is compact and close to the magnetar surface (e.g. Timokhin et al.
2008; Thompson et al. 2017). We also present a discussion about the X-rays produced outside the magnetosphere in
Sec 3.3.
3. RADIO BURST MODELS
It is widely suggested that FRBs can be caused by magnetar activities. Recently, Margalit et al. (2020) studied
different FRB models, mainly focused on the radiation efficiency between radios and X-rays. They also studied the
details of synchrotron maser model with different shock properties, and favoured the case that the shock is formed
through colliding with baryonic shells to explain the radiation efficiency and the X-ray counterpart. Here we focused
on the physical conditions of different FRB mechanisms and their emission sites.
Although the radiation mechanism remains unclear, some of the mechanisms have well-defined predictions, and
thus can be tested by observations. I study four typical mechanisms proposed for FRBs, and compare them recent
observations. These mechanisms include coherent curvature radiation from charged bunches, fast magnetosonic (FMS)
wave model, synchrotron maser from shocks, and the pulsar-like mechanism for low-twist magnetars. The emission
site in these models can be close to the magnetar surface, near the light cylinder, or far away from the light cylinder.
3.1. Coherent curvature radiation from charged bunches
It is widely assumed that FRBs can be generated by coherently moving electron bunches via curvature radia-
tion (Kumar et al. 2017; Lu & Kumar 2018; Yang & Zhang 2018; Kumar & Bosˇnjak 2020; Lu et al. 2020; Katz 2020;
Yang et al. 2020), although the bunch formation and maintenance mechanisms remain unclear (e.g., see Melrose 2017,
and references therein). Recently, Kumar & Bosˇnjak (2020) and Lu et al. (2020) suggested a more physical coherent
curvature radiation model. In this model, the magnetar crustal disturbance launches a large-amplitude Alfve´n wave
in the polar cap region. The bunches are formed due to the two-stream instability of the counter-streaming pairs, and
get accelerated when the Alfve´n wave becomes charge starved. The emission site of this model is found to be close
to the surface of the neutron star RFRB,CC . 100RNS = 10
8RNS,6 cm (Kumar & Bosˇnjak 2020). We consider several
different cases to further constrain the emission site.
The radiating charged bunches move at relativistic speeds, which would induce magnetic fields. The induced field
must be small enough comparing to the local field (B = BsR
3
NSR
−3
FRB,CC) to avoid the changing of radiation direction
during emission. This furthers requires (Kumar et al. 2017; Wang & Lai 2020)
RFRB,CC . 4× 10
7RNS,6L
1/6
FRB,38 cm, (4)
where LFRB = LFRB,3810
38 erg/s is the isotropic equivalent luminosity, and the magnetar surface field Bs = 2.2× 10
14
G, and radius RNS = RNS,610
6 cm are used. The Lorentz factor of the bunch is
ΓCC = 110R
1/3
FRB,CC,7ν
1/3
p,9 , (5)
where νp,9 is the peak frequency in unit of GHz, and the curvature radius of the magnetic field line is scaled as
the emission site radius RFRB,CC = 10
7RFRB,CC,7 cm. The Alfve´n wave propagation time in the radiation region is
approximately RFRB,CC/c . 1.3RNS,6L
1/6
FRB,38 ms.
4However, in this model the magnetospheric Alfve´n wave is initially transmitted from crustal modes, and a high-
frequency Alfve´n waves is generally required to generated the radio burst (Kumar & Bosˇnjak 2020). The wavelength
is assumed to be the polar cap radius, which is rPC ≈ 4 × 10
3 cm for this magnetar, corresponding to a frequency
νQPO ∼ 10
6 Hz. The twist amplitude at the magnetar surface can be calculated as
Lγ ≈ δB
2r2PCc, (6)
which gives δB(RNS,6)/B(RNS,6) ≈ 10
−3L
1/2
γ,41 on the surface for this event. The twist amplitude will grow with in-
creasing altitudes following δB(RFRB,CC,7)/B(RFRB,CC,7) ≈ 0.04L
1/2
γ,41R
3/2
FRB,CC,7 (Kumar & Bosˇnjak 2020; Yuan et al.
2020). This means that the magnetic field lines are significantly deformed, leading to considerable change of the
radiation direction. Therefore, the observed radio emission is mainly contributed by the bunches, which keeps in the
line-of-sight with, i.e. δB/B . 1/ΓCC. Combining with Eq. (5), it further provides
RFRB,CC . 4× 10
6R
9/11
NS,6ν
3/22
p,9 cm. (7)
Consequently, it will lead to a duration of 0.1R
9/11
NS,6ν
3/22
p,9 ms approximately.
Additionally, such high frequency oscillation modes, if not in gaps of the Alfve´n continuum, are expected to be
quickly damped due to the crust-core coupling within a time of ∼ 2pi/νQPO = 6 × 10
−6 s for νQPO ∼ 10
6 Hz (see
more details in van Hoven & Levin 2012). And the plastic damping will also be significant (Li & Beloborodov 2015).
Considering both the high twist effect and potential damping mechanisms, the resultant duration will be much smaller
than the observed duration. Moreover, it will be very difficult to detect the low frequency (∼ 30 ms period) QPO in
this model, as it is of a wavelength of ∼ 109 cm, much larger than the polar cap and RFRB,CC.
3.2. Fast magnetosonic wave model
It is found that the relativistic magnetic reconnecting current sheet near the magnetosphere can generate magne-
tosonic waves by merging of magnetic islands. The fast magnetosonic (FMS) waves could successfully escape as radio
waves at larger distances. This is suggested to be responsible for the observed radio emissions in Crab-like pulsars
(Lyubarsky 2019; Philippov et al. 2019). For FRBs converted from such FMS waves, the emission site is suggested to
be close to the light cylinder (Lyubarsky 2020),
RFRB,FMS ∼ RL. (8)
And the burst duration can be estimated as (Eq. 25 in Lyubarsky 2020),
τFRB,FMS ≈ 36Y
2/3
2 R
1/3
NS,6L
−1/2
γ,41 Resc,15b ms, (9)
where Resc = Resc,1510
15 cm denotes the distance where FMS waves escapes freely as electromagnetic waves, and b . 1
is the parameter relates to the mean magnetic field fraction to the total field and the magnetar wind Lorentz factor.
Observation shows that the duration of each radio pulse is τFRB,obs ≈ 0.6 ms, which provides an escaping distance
of Resc ≈ 10
13L
1/2
γ,41Y
−2/3
2 R
−1/3
NS,6 b
−1 cm for the FMS wave model by Eq. (9). The cyclotron absorption radius in this
case is found to be at Rcy ≈ 5 × 10
12L
1/2
γ,41ν
−1
p,GHz cm (Eq. 31 in Lyubarsky 2020), where νp,GHz is the frequency in
unit of GHz. This means that the wave will suffer from a mild cyclotron absorption.
The peak frequency of the radio burst in this model is
νp,GHz = 3× 10
−5ηR
3/4
NS,6L
5/8
γ,41, (10)
where η ∼ 0.1 − 10 relates to details of the magnetic reconnection (Eq. 12 in Lyubarsky 2020). While this is much
lower than the observed GHz frequency. Therefore, FMS wave model near the light cylinder is also challenged for this
event, unless some extreme conditions (e.g. η ∼ 105) happens.
However, we noticed that for this event, the radio burst might be explained if the FMS wave is generated inside the
magnetosphere, rather than near the light cylinder. Indeed, force-free electrodynamic simulations show that magnetic
reconnection could happen inside the magnetosphere, and open the closed magnetic field lines (Parfrey et al. 2013;
Yuan et al. 2020). The advantage of the magnetospheric FMS wave model is that at a radius of RFMS = RFMS,810
8
cm, the radio burst frequency will be
νp ∼ 0.2ΓpL
3/4
γ,41R
−3/2
FMS,8 GHz, (11)
5where mild relativistic plasma Lorentz factor (namely Γp ∼ a few) is expected in the initial magnetar pulse when inside
the magnetosphere. And the duration of the burst is ∼ RFMS/c = 3 ms. Note the FMS wave can also be produced
by non-linear interactions between two Alfve´n waves (e.g. Li et al. 2019). Such FMS wave is expected to be absorbed
in the dipole magnetosphere (Lyubarsky 2020). But whether it can escape from the highly deformed magnetosphere,
where some closed field lines are opened, remains to be studied. We plan to study the details of this model in a future
work.
3.3. Synchrotron maser model
Young magnetars could produce magnetar flares frequently. Blast waves can be launched during such flares, and
their interactions with the circum-burst median can lead to the formation of magnetised shocks. Highly linearly
polarised synchrotron maser emission can be produced by the shocks, and posse a small fraction ∼ 10−3 of the total
injection energy (Plotnikov & Sironi 2019). Such a process is then suggested to be the mechanism for FRBs (Lyubarsky
2014; Waxman 2017; Margalit & Metzger 2018; Beloborodov 2019; Metzger et al. 2019; Margalit et al. 2020). And the
decelerating relativistic blast waves can well reproduce the downward frequency drifting feature observed in repeating
FRBs (Metzger et al. 2019).
For FRBs produced by the synchrotron maser in relativistic shocks, the emission site is generally outside of the
magnetosphere, and can be written as
RFRB,SM = 2Γ
2
SMcτFRB = 6× 10
11Γ2SM,2τFRB,−3 cm, (12)
where ΓSM = 10
2ΓSM,2 is the bulk Lorentz factor of the shock (e.g. Waxman 2017; Beloborodov 2017; Margalit & Metzger
2018; Beloborodov 2019), τFRB = 10
−3τFRB,−3 s is the burst duration. For the shock developed outside the mag-
netosphere R > RL, a bulk Lorentz factor of Γ
2
SM > RL/(2cτFRB) ≈ 250τ
−1
FRB,−3 is required to justify the observed
FRB duration. We note in this case it is unlikely to produce double/multiple peaks, especially the QPO behaviour,
in the X-ray and radio light curve by one blast wave. Therefore, multiple blast waves are required. Considering the
magnetar generates several X-ray burst peaks with a time separation of ∆t, the associated blast waves would form
shocks and thus lead to the peak separation in the radio band to be ∆tFRB = 0.5Γ
−2
SM∆tγ ≪ ∆tγ , much smaller than
that in X-rays. This is incompatible with the observed delay between the radio peaks, which is ∆tFRB ≈ ∆tγ ≈ 30
ms.
The above calculations are on the basis that X-rays are produced inside the magnetosphere (see Section 2.2).
We noted that it is also suggested that the relativistic electrons in the shock can also produce X-ray emissions
(Metzger et al. 2019; Margalit et al. 2020; Yu et al. 2020; Yuan et al. 2020). However, the predicted duration of the
X-ray emission from the shock is O(τFRB) = O(1 ms) (Yu et al. 2020; Yuan et al. 2020), which is inconsistent with the
observed duration of the X-ray pulse ∼ 50 ms ≫ 1 ms (Ridnaia et al. 2020; Li et al. 2020). In particular, within the
framework of shock model it will be difficult to explain the observed slow rise of the X-ray pulse, the QPO behaviours,
and the null detection of radio signals associated with the third X-ray pulse.
Moreover, we find that the shock model cannot explain the observed synchrotron peak energies from the two X-ray
pulses in the light curve either. As the first shock will sweep the circum-burst median, the second one is formed when
colliding with the decelerated tail of the first shock. As such the two radio pulses separated by 30 ms would lead
to that two shocks forming at different distance. Lu et al. (2020) found the Lorenz factors of two shocks (denoted
by subscript 1, 2) differ by ΓSM,2/ΓSM,1 ∼ 5, while the external densities differ by n2/n1 ∼ 0.04. The synchrotron
energy scales as νsyn ∝ n
1/2Γ4SM (Metzger et al. 2019). The resultant synchrotron peak energies between two pulses
is νsyn,2/νsyn,1 ∼ 100. This means that if the first X-ray pulse is peaked at 100 keV, the second pulse will be peaked
at ∼ 1 keV, which is clearly inconsistent with observations (Ridnaia et al. 2020; Li et al. 2020). To conclude, it is
unlikely that the incoherent synchrotron radiation of the shock will significantly contribute to the observed X-rays.
3.4. Pulsar-like mechanism with low magnetospheric twists
Recently, it is also suggested that repeating FRBs can be produced by pulsar-like mechanisms, although the detailed
radiation mechanism is not specified (Wadiasingh & Timokhin 2019). This model requires a pre-existing low twist of
the magnetosphere, and then disturbed by the magnetar burst activities. The shift of foot points of magnetic field
lines induces an acceleration gap, acting like the polar cap in pulsars. And thus pulsar-like radio emissions are assumed
to be produced. Within such a framework, Wadiasingh et al. (2020) further predicted a death line for FRBs, which
says that only magnetars with period P & 0.2 s and magnetic field B & 6 × 1013P−1 G can generate FRBs. SGR
61935+2154 well meets this requirement, with P = 3.245 s and B = 2.2 × 1014 G. In this model, the radio emission
continues until the pair plasma screens the acceleration gap with a timescale ∼ R/c = 3.3R8 ms for closed fields with
maximum altitude R = R810
8 cm (Wadiasingh & Timokhin 2019).
However, the plasma would screen the acceleration field after one event, and the time required to clear this plasma
is much longer than the burst duration (Wadiasingh & Timokhin 2019). Therefore, it will be difficult to produce
double and multi peaked burst. Moreover, the crustal oscillation induced shift of foot points can strongly disturb the
magnetic field lines (e.g. see Yuan et al. 2020). Like the discussion in Section 3.1, although the initial twist angle is
quite small δB/B ∼ 8× 10−4L
1/2
γ,41rFP,4 (Eq. 6), it grows with increasing altitudes as δB/B ∼ 0.5rFP,4R
3/2
8 , where the
polar cap size is replaced by the size of regions with disturbed field foot points rFP = 10
4rFP,4 cm. Consequently, if
the radiation is connected to the cascaded plasma along magnetic field lines (as assumed by Wadiasingh & Timokhin
2019), the radiation direction would change significantly during the burst, and thus leads to a much shorter duration.
Furthermore, the deformed magnetosphere is no longer suitable for the pulsar-like mechanisms, as the twist grows
much higher.
4. DISCUSSION ON CONSTRAINING RADIO BURST PROPERTIES WITH FUTURE OBSERVATIONS
Although the radio emission mechanism remains unknown, we here discuss some possible general ways to study the
properties of radio bursts for future observations. The above models will generally predict a time difference between
the X-ray and radio peaks to be R/(2Γ2SMc) ∼ τFRB ≈ 1 ms for the synchrotron maser model or < Rmax/c ≈ 10
ms for other models. Observations from CHIME show that the two radio peaks arrive at dispersion-corrected times
14:34:24.4285 and 14:34:24.4575 on Apr. 28, 2020 (The CHIME/FRB Collaboration et al. 2020). While observation
shows that the two X-ray peaks come at 14:34:24.428±0.002 and 14:34:24.460±0.002 (Li et al. 2020), which indicate
an intrinsic time delay of δtd ≤ 5 ms. Similar results are also found by Konus-Wind (Ridnaia et al. 2020). This result
is consistent with all models. However, if future detections show that the X-ray and radio burst could be separated
with a much longer timescale (e.g. ≫ 10 ms), these models would be challenged.
While the association between FRB-like burst and magnetar burst is firmly established, it is still unclear whether
all X-ray bursts are associated with radio bursts. X-ray observation shows that the energy of this burst is quite
normal comparing with other bursts without association of radio bursts, but its spectrum appears to be much harder
(Mereghetti et al. 2020; Ridnaia et al. 2020). We here consider one possibility under the dual BB framework. The
hard X-rays in this case are explained by a hotter BB component but with a smaller radiation area than that of
soft X-rays (Lin et al. 2011; van der Horst et al. 2012), which is also consistent with the observation for this event
by Konus-Wind (Ridnaia et al. 2020). Thus, the opening angle of hard X-ray radiation will also be smaller than
that of soft X-rays, and if it offsets from line-of-sight, one might only detect the soft X-ray component. If future
detections indeed support the connection between hard X-rays and radio bursts, this would strongly suggest that their
radiation cones point very close to each other. Note the opening angles of X-ray and radio emissions can also be very
different. One way to estimate it is to assume that the observed event rate density correlates to opening angle, namely,
∆Ωγ/∆ΩFRB ∼ N˙γ/N˙FRB, which can be calculated if more data is available.
We note the flaring activity of magnetars could also have other counterparts, if there are outflows associated with
the activity. For repeating FRBs, intermittent outflows can be injected to the circum-burst median. Note the shock
produced by such an outflow does not necessarily generate significant coherent radio emission, e.g. the shock in
pulsar wind nebula. If the waiting time between two outflows is much smaller than the cooling time of the electrons
accelerated by the outflow, an FRB nebula will form, like the pulsar wind nebula. Otherwise, it forms an FRB
afterglow. Such an FRB nebula can well explain the persistent radio counterpart of FRB 121102 (e.g. Beloborodov
2017; Margalit & Metzger 2018; Wang & Lai 2020). More specifically, Wang & Lai (2020) provided a tight constraint
on energetic parameters of the central engine from the radio nebula for FRB 121102. Additionally, Wang & Lai (2020)
also studied the multi-band light curves and spectra of the afterglow. Although our calculations show that for this
event the radio afterglow is too faint to be observed, one might expect to detect such afterglows for much stronger
bursts in the future.
There is weak evidence showing that the X-ray and radio light curves are modulated by low-frequency QPOs, which
can be related to fundamental oscillation modes of the magnetar. Similar to those in giant flare tails, the existence
of QPOs would also prefer that these emissions are most likely emerging from inside the magnetosphere. We noted
that if FRBs are generated close to the magnetar surface, there is also a possibility to detect high-frequency QPOs
with period 0.5− 2 ms. Such high frequency QPOs (e.g. 625 Hz and 1840 Hz) have been detected in giant flare tails,
7which can be caused by the overtones of oscillation modes (Watts & Strohmayer 2007). Interestingly, this would show
as double/multiple peaks in FRBs. Therefore, it will be interesting to test if some of the double/multi-peaked FRB
are caused by the QPO effect.
5. SUMMARY
In this paper, we constrain the radio emission mechanisms and the emission sites for the magnetar burst from SGR
1935+2154, which is recently detected in both X-ray and radio bands. More specifically, we compare observations
with the predictions of the relatively well-studied FRB radiation mechanisms, including coherent curvature radiation,
escaped FMS wave, synchrotron maser, and pulsar-like mechanisms. The main results are summarised as follows.
1. The X-ray emission radius is constrained to be between Rγ,ph = 8.9 × 10
6 cm and Rmax ≈ 2.9 × 10
8 cm. This
leads to a dynamical timescale, much shorter than the observed duration Rmax/c ≪ 0.5 s. As such, the X-ray
burst duration should be directly determined by the magnetar activity timescale.
2. For the coherent curvature radiation induced by the decay of Alfve´n waves, we find that the radiation re-
gion should be very close to the magnetar surface, namely RFRB,CC . 4 × 10
6R
9/11
NS,6ν
3/22
p,9 cm, with a duration
(RFRB,CC/c . 0.1 ms) smaller than the observed duration. Besides, such a high-frequency (10
6 Hz) crustal mode
is most likely to be damped within a timescale of ∼ 6 × 10−6 s due to the crust-core coupling, much shorter
than the burst duration. Moreover, in this case the burst most-likely will not be affected by low-frequency waves
(e.g. 30 ms QPO), which is inconsistent with observations. Therefore, mechanisms for bunch formation and
acceleration remain to be studied to make the coherent curvature radiation viable.
3. For the FMS wave model, we find that the predicted emission frequency (νp = 3 × 10
−5η GHz) is found to be
much smaller than the observed GHz emission, unless the magnetic reconnection take places under some extreme
conditions with η ∼ 105 or inside the magnetosphere. For the latter case, however, the absorption effect remains
to be studied. Besides, the escaping wave will suffer from a mild absorption, as the cyclotron absorption distance
is smaller than escaping distance Rcy ≈ 5× 10
12 cm . Resc ≈ 10
13 cm.
4. For the synchrotron maser developed outside the light cylinder, it would generally predict ∆tFRB/∆tγ =
0.5Γ−2SM . 10
−3τFRB,−3. While observations show that the two peaks in both the X-ray and radio light curves
are of the same temporal separation ∆tγ ≈ ∆tFRB ≈ 30 ms. Therefore, synchrotron maser is disfavoured, unless
that the X-rays are also contributed by the electrons of the shock. However, the shock model for X-rays will be
difficult to explain the observed duration (especially the slow rise), the QPO behaviours of the X-ray pulse and
the null detection of radio signals associated with the third X-ray pulse. Furthermore, the X-rays from the shock
would have a significant spectral evolution between pulses, which are inconsistent with observations.
5. For the pulsar-like mechanisms, most-likely it is unable to produce double/multiple-peaked bursts in flaring
magnetars. Furthermore, we find that it is actually difficult to directly apply pulsar-like mechanisms (described
in Wadiasingh & Timokhin 2019) to magnetar bursts, because that the pre-existing low twist magnetosphere can
be significantly deformed during the burst activity in flaring magnetars, which is unlike the polar caps in pulsars.
But a solid conclusion can not be drawn for now, as the radiation mechanisms for both FRBs and pulsars remain
enigmatic.
6. We also propose four ways to study the radio burst properties for future observations, including the time delay
between X-ray and radio bursts, the opening angle of the radio burst, the FRB afterglow or nebula, and the
possible QPOs in radio bursts. For the latter case, it will be interesting to test the possibility of identifying
0.5− 2 ms QPOs in FRBs, especially in some double/multiple-peaked FRBs.
To conclude, although these models are suggested to be associated with X-ray bursts, as they are induced by flaring
activities, our constraints indicate that further researches are required to explain the details of both the X-ray and
radio observations, especially the temporal (e.g. QPOs) behaviours of the bursts and the physical requirements for
radio emission mechanisms.
8We thank the referee for useful comments, and Dr. Yuanpei Yang, Dr. Xinyu Li, and Dr. Lingjun Wang for fruitful
discussions. JSW is supported by China Postdoctoral Science Foundation (Grant 2018M642000, 2019T120335).
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